Progress is reported on an experiment to measure the Newtonian constant of gravitation, G, with a suspended Fabry-Perot laser interferometer. With this technique, we measure the deflection of simple pendulums due to the gravitational attraction of tungsten masses. A result for G is expected with an accuracy of roughly 30 ppm.
Introduction
The Newtonian constant of gravitation, G, is one of the least well known of the fundamental constants. The accepted value has, for many years, been assigned an uncertainty of 128 parts per million (ppm) [l] . However several recent precision measurements disagree with this value by over 10 0 (one is high [2] and the other is low In light of these disagreements the uncertainty in the CODATA value has recently been increased to 1500 ppm. This situation highlights the need for new measurements using a variety of different methods. While most measurements of G use torsion pendulums or balances we sense the deflection of simple pendulums. This results in a conceptually very simple system. Rather than relying on the torsion of a wire, which is not well understood to the accuracy required, we measure directly the ratio of the attraction of a laboratory source mass and the attraction of the earth. This approach has been used once before by a group at Wuppertal, Germany using microwaves to measure the pendulum deflections [2] . The use of optical interferometry in our experiment gives greater sensitivity and permits a much more compact and manageable apparatus. This allows the source mass design to be optimized, a point that is critical to achieving the full potential of this method.
Experimental Apparatus and Method
In our experiment, two simple pendulums are hung from a common support inside a vacuum chamber. This is shown schematically in the figure. The dimensions of the apparatus are given in the caption. Since we are only interested in the separation of the two pendulum bobs, the effects of noise from seismic vibration and distant gravitational sources is greatly reduced. Large tungsten source masses are placed between the two test masses (the pendulum bobs) and the resulting gravitational attraction pulls the two test masses together. The source masses are then separated and moved past the ends of the pendulum system causing the test masses to be pulled outward. Since the accuracy of our method is likely to be ultimately limited by imperfections in the geometry and density of the source masses, care is taken in their design. These source masses have the form of four identical cylinders. The cylinders are placed so that the signal is insensitive to the location of the pendulum bobs with respect to the source masses. That is, the derivative of the component of the gravitational field along the axis connecting the pendulum bobs goes to zero at the location of the test masses. (Note that the derivatives of the transverse components of the gravitational field do not go to zero. However the instrument is not sensitive to these components.) Once the experiment is performed, it can be repeated with each of the source mass cylinders rotated around its axis to test for density variations in the source masses. In addition, each cylinder is made up of a stack of three shorter cylinders, which can be shuffled. This leaves the possibility of an undetectable common radial density variation in the source masses. We have found, however, that this error can be reduced by optimizing the distance between the source masses and the test masses.
Mirrors embedded in each of the test masses form a Fabry-Perot cavity with a finesse of approximately 1000. A He-Ne laser system, developed at JILA, is locked to this cavity. Slow tuning of this system is obtained by thermal control of the laser tube and an acusto-optic modulator allows fast frequency control of the laser. This system allows the average differential displacement of the test masses to be measured to at least one part in lo5 of the lo-' m signal. A second Fabry-Perot cavity is in the common support of the two pendulums. Another laser is locked to this cavity, and the displacement measurements Source masses (inner Posltlon) with first Fabry.Perot cavity Figure: A schematic of the apparatus. Two pendulums hang from a common support. Tungsten source masses in the form of four vertical cylinders pull the pendulum bobs apart in the outward position (solid lines) and together when they are moved to the inward position (dashed lines). A vacuum chamber, not shown here, encloses the pendulums and supporting bar but not the source masses. Lasers measure the change in the separation of the two pendulum bobs as well as any thermal expansion in the supporting bar. The pendulums have a length of 70 cm and a separation of 30 cm. Each of the source mass cylinders has a mass of 119 kg a height of 30 cm and a diameter of 16 cm. The source masses are located 16 cm to each side of the Fabry-Perot cavity axis. Each of the source mass cylinders is made up of a stack of three smaller cylinders. The distance between the center of the pendulum bobs and the centers of each of the two nearest source mass cylinders is 23 cm when the source masses are in the inner position and 34 cm when the source masses are in the outer position. The gravitational signal from moving the source masses from the inward to the outward position is calculated to be a change in cavity length of 8 x lo-* m which will cause a 60 MHz shift in laser frequency.
are made by beating these two lasers together. This removes much of the error due to thermal drift in the length of the supporting bar. Since it is important that the Fabry-Perot mirrors remain aligned, each pendulum bob is supported by four wires which: two pairs of wires that meet in a "v" at either end of the bob. This assures that when the bobs move, they undergo parallel translation with no twist.
Conclusion
Our experiment to measure the Newtonian constant of gravitation is currently under development. The method is different from the majority of other experiments to determine G in that we use simple pendulums instead of torsion pendulums or balances. Thus we measure directly the ratio of the attraction of the laboratory source masses to the earth's gravity. With optical interferometric techniques it is straightforward to measure even the small deflections of the simple pendulums. Care is taken to minimize errors due to imperfections in the source masses. It will be possible to take measurements quickly with this apparatus so that the experiment can be repeated with the source masses in a different configuration, allowing errors due to small density variations inside the source mass to be detected.
We hope to be able to determine G to an accuracy of roughly 30 ppm with this apparatus.
